We study interaction of the electromagnetic radiation with a series of thin film periodic nanostructures evolving from holes to islands. We show, through model calculations, simulations, and experiments, that the responses of these structures evolve accordingly, with two topologically distinct spectral types for holes and islands. We find also, that the response at the transitional pattern is singular. We show that the corresponding effective dielectric function follows the critical behavior predicted by the percolation theory and thus the hole-to-island structural evolution in this series is a topological analog of the percolation problem, with the percolation threshold at the transitional pattern.
Electromagnetic properties of arrays of planar metallic particles, as well as their topological complementary arrays of holes, have been the subject of extensive studies, 1 in particular, in context of the metamaterials. 2, 3 The electromagnetic responses of such complementary systems ͑e.g., transmittance or reflectance͒ are related, at least approximately, even if these structures are not strictly Babinet complementary. 2, 4, 5 Therefore, of interest is a systematic study of the response of structures evolving from arrays of holes to arrays of islands. In this work, we provide such a study based on a series of nanostructures, in the plasmonic frequency range, and show through model calculations, simulations and experiment, that the hole-to-island structural evolution in this series is a topological analog of the percolation problem.
Consider a series of hexagonal arrays of circular holes made in a thin metallic film. Hole diameter d change from 0 to a, and beyond, while the lattice constant ͑nearest neighbor interhole distance͒ remains fixed throughout the series. The unit cells of the arrays are shown in Fig. 1 ͑top panel͒. The pattern changes gradually from the solid film, to hexagonal arrays of circular holes of increasing diameter, to honeycomb arrays of disconnected quasitriangular metallic islands ͑nanoparticles͒. Beginning from pattern 1 ͑solid film͒, the density of holes within the continuous metallic film grows until-at the transitional pattern 8 ͑d = a͒-the continuity of the film is interrupted.
We begin with simulations of the electromagnetic response of these structures based on the finite difference time domain ͑FDTD͒ computational scheme. 6 We chose Au as the metal and the Lorentzian expansion of the Au dielectric function used in the simulations was fitted to the experimental data given in Ref. 7 . The film thickness is chosen to be 20 nm and the lattice period a = 470 nm. The substrate is glass. Figure 1 shows simulations of the transmittance for three selected, representative patterns as follows: ͑a͒ an array of nanoparticles ͑pattern 12͒, ͑b͒ an array of holes ͑pattern 3͒, and ͑c͒ the solid film ͑pattern 1͒. These selected patterns have also been made by employing the self-assembly nanolithography. 8 A closed packed hexagonal array of polystyrene spheres self-assembles on the surface of water, treated with surfactants. Subsequently, the pattern is transferred onto glass substrate, and used as a mask for the metal evaporation. Inset in Fig. 1͑a͒ shows scanning electron microscopic ͑SEM͒ images of an array of polystyrene spheres ͑left͒, and the resulting quasitriangle metallic island array ͑right͒. A thermal processing and the reactive ion etching 8 can be used to make all the 12 patterns. The experimental results for the selected patterns 12, 3, and 1 are shown as squares in Figs. 1͑a͒-1͑c͒, respectively. The experimental results for pattern 3 are taken from Ref. 9 . The agreement between the experimental results and simulations ͑no adjustable parameters͒ is clearly good.
The characteristics of these spectra can be easily understood by employing a simple, effective medium model, 10 based on the generalized Kohn's Theorem, 11 and shows that an effective dielectric function of a system of isolated nanostructures is given by a sum of Lorentzians. In the simplest case one obtains
where ␥ l represents the losses, is the frequency of the electromagnetic radiation, b is the background dielectric constant, and 1 is the eigenfrequency of the confining potential 10 ͑Mie resonance͒. The corresponding dielectric function for holes is
It was derived by following the formalism of Ref. With the dielectric functions defined, the transmittance formula 13 for the effective thin film ͑assuming for simplicity ␥ l =0͒ is
where ␣ = d / 2c, ͑␣ 2 2 Ӷ 1͒, and c is the speed of light. The dielectric functions ͓given by Eqs. ͑1͒ and ͑2͒, with arbitrarily chosen parameters͔ and the corresponding transmittances for the selected patterns are shown in Fig. 1 . There are two, topologically distinct spectral forms as follows: first for islands Fig. 1͑d͒ , and the second one for the holes Fig. 1͑e͒ . The solid film form of Fig. 1͑f͒ belongs to the second type but without the resonance. For the second type structures T ϳ 2 for → 0, according to Eq. ͑4͒. This is in full qualitative agreement with spectral features seen in the simulations and experiment in the corresponding Figs. 1͑a͒-1͑c͒ .
Simulations for all patterns reveal the critical behavior of the response, and of the dielectric function, at the transitional pattern. This is clearly demonstrated in Fig. 2 , which shows positions of the minima of transmittance for different 
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14 From the fit we find that
This is not surprising, since the evolution of the structures in the series indeed resembles that of the evolution of heterogeneous phases ͑e.g., conducting and dielectric͒ in the percolation problem, were critical phenomena are expected at the percolation threshold. 15 To demonstrate this further, we calculate the low frequency limit of Eq. ͑2͒
where the effective dielectric constant is 16 Thus, we show that the evolution of structures not only resembles, but in fact is a topological analog of the percolation problem, with the transitional pattern representing the percolation threshold. Similar effect has been studied in a Babinet series as in Ref. 17 .
The hypersensitivity of response at the transitional pattern can lead to other exotic optical effects, as was already envisioned in Ref. 15 , as well as it can be exploited in applications. A slight modification of d at the percolation threshold ͑transitional pattern͒, for example by compression, temperature variation, defect formation due to adsorbed biological molecules, etc., will drastically change the transparency of the structure at the frequency corresponding to the transmission minimum. Thus, various sensors and switches can be based on this effect.
In conclusion, using model calculations, simulations and experiment, we show that an electromagnetic response of a series of thin film periodic nanostructures, which evolve from small diameter holes into island arrays, follows this evolution. Two topologically distinct spectral types have been identified, one for holes and one for islands. We demonstrate that the critical behavior of the effective dielectric function agrees with that predicted by the percolation theory, and thus conclude that the hole-to-island structural evolution in this series is a topological analog of the percolation problem, with the percolation threshold at the transitional pattern.
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